We isolated and sequenced a gene, YL8A, encoding ribosomal protein YL8 of Saccharomyces cerevisiae. It is one of the two duplicated genes encoding YL8 and is located on chromosome VII while the other is on chromosome XVI. The haploid strains carrying disrupted YL8A grew more slowly than the parent strain. The open reading frame is interrupted with two introns. The predicted amino acid sequence reveals that yeast YL8 is a homolog of mammalian ribosomal protein L7, E.coll L30 and others.
INTRODUCTION
The ribosome is a complex organelle composed of some RNA molecules and a large number of proteins. As it exists in all living cells, its constituents as well as the whole ribosome are regarded as appropriate materials for evolutionary studies. With the aim of examining the mechanism of biological evolution using the protein part consisting of various species, we have reported the primary structures of ribosomal proteins, especially from yeast (1) (2) (3) (4) (5) (6) (7) . Compared with the abundance of knowledge concerning prokaryotic ribosomes, particularly E. coli's (8) , eukaryotics are a little known. In the present study, we show the primary structure of yeast ribosomal protein YL8 (see the table for nomenclatures in ref. 9 ) deduced from the nucleotide sequence of gene YL8A. In 5. cerevisiae, very few out of all the characterized genes have an intron, and only one gene, MATal, is known to have two introns (10) . In contrast, restricted within the ribosomal protein genes, more than half of the cloned ones are interrupted by a singular intron (11) . Here, YL8A is shown to contain two introns. This is the first finding of plural introns in the ribosomal protein genes. According to sequence similarity searches, many YL8 family proteins are present throughout the prokaryotes to the eukaryotes.
MATERIALS AND METHODS
Strains and plasmid 5 . cerevisiae strain A364A (ATCC22244) was used for the preparation of poly(A) + RNA and chromosomal DNA and strain YNN281 (MATa lys2-801 ura3-52 ade2-l trpl-A his3-D200 gal) for the disruption of the YL8A gene. E. coli strain JM109 was used for DNA library propagation (12) . Plasmid pLSlO (13; constructed by Dr. L. Symington) was kindly provided by Drs. S. W. Liebman and A. Vincent.
Transformation
Yeast was transformed by the lithium acetate transformation method (14) and E. coli by the method of Hanahan (15) .
Isolation of nucleic acids and genomic DNA library formation
Chromosomal DNA of 5. cerevisiae was isolated as described by Cryer ex al. (16) with slight modification. Genomic DNA digested with BamHl and Pstl was applied to agarose gel electrophoresis. Out of the separated DNA fragments, the appropriate fraction, deduced from a Southern blot analysis, was extracted and ligated with the vector pUC119 digested with BamtQ-Pstl. The resultant genomic DNA library was propagated in E. coli. Plasmid DNA was prepared by the alkaline method (17) . Total yeast RNAs were isolated according to Jensen et al. (18) and poly(A) + RNA was purified with oligo(dT)-cellulose (Pharmacia LKB Biotechnology, Inc.) as recommended by the supplier.
Oligonucleotide probes
Residue positions 24 to 34 of the known N-terminal amino acid sequence of ribosomal protein YL8 (3), QVAAERAARKA, were chosen to obtain a mixed probe containing oligonucleotides whose sequences had been designed according to the codon usage preferred by yeasts (6, 11) . The mixture of the 32 differently designed DNAs, each 32 nucleotides in length, was synthesized on an Applied Biosystems model 381A DNA Synthesizer.
Labeling of DNAs, Southern and Northern blots and DNA sequencing Labeling of DNAs, Southern hybridization and Northern blot analysis were performed as previously described (6, 7) . In a search for chromosomal locations, Southern hybridization was carried out using the gel containing chromosomes of S. cerevisiae separated by a pulsed field electrophoresis (Clontech Laboratories, Inc.). DNA sequence was determined by the dideoxy chain termination method (19) using Sequenase Ver. 2.0 (United States Biochemical Corporation). Fig. 1 illustrates the disruption procedure. pUCl 18 digested with EcoKI was filled in with the large fragment of E. coli DNA polymerase I and self-ligated. The resultant vector was treated with Pstl and BamHl, and a 2.7kb Pstl-BamHl fragment derived from pYL8A (see Fig. 2 ) was inserted. After the digestion with BstEQ and self-ligation, the plasmid was digested with £coRI and ligated to a 1.2kb EcoRl fragment containing URA3 gene obtained from plasmid pLSlO. The 3.5kb Sphl-Kpnl fragment by the restriction sites within the vector was transformed in haploid cell YNN281. Transformants were selected using a medium without uracil.
The disruption of YL8A

Sequence similarity analysis
The computer program of Lipman-Pearson (20) was used for similarity search for the predicted amino acid sequence of YL8A, within ribosomal protein sequences in Swiss-Prot Data Base. The sequences showing significant similarities were subjected to assessment for possible evolutionary relationships using computer programs RELATE and ALIGN (21) . The scoring matrix was prepared by MDM'78 (21) . Detailed sequence similarities were examined using a computer program that quantitatively evaluates 
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° % 'sis the extent of similarities as correlation coefficients (22) . Details of the method have been described previously (23, 24) .
RESULTS
Cloning of ribosomal protein YL8 gene
In cloning a gene encoding protein YL8 from a genomic library of S. cerevisiae using a synthetic oligonucleotide mixture as a probe, three positive colonies out of approximately 3,000 transformants were obtained. The physical maps revealed that the plasmids contained a common insert of 2.7kb in length, one of which was termed pYL8A. A restriction map of this insert is shown in Fig. 2 .
YL8A gene has two introns
The nucleotide sequence of the insert of pYL8A was determined from both strands according to the strategy presented in the lower part of Fig. 2 . The open reading frame is interrupted with two introns and encodes a protein predicted to consist of 244 amino acids (Fig. 3) . There are the canonical sequences characteristic of the 5' splice site (GTATGT). The second intron has the consensus sequence of the lariat site (TACTAAC) whereas the first intron has instead a similar sequence, TGCTAAC. A putative TATA sequence exists at position -36, but UAS^ and T-rich region are not found up to position -175. At the downstream of the termination codon, the canonical polyadenylation signal AATAAA is not present, but is found the consensus sequence TAG...TAGT...TIT which was proposed to play a role in transcription termination in yeast (25) .
The molecular weight of YL8, calculated from the predicted amino acid sequence, 27,638, is close to that of the purified YL8 protein, previously estimated by SDS-polyacrylamide gel electrophoresis (26) . The amino acid composition is also in good agreement with that of the purified protein ( Table 1 ). The predicted sequence at amino acid positions 2 to 39 is completely consistent with the known N-terminal sequence (3) including the part used for designing the synthetic probe. The biased codon usage corresponds to those of highly expressed genes in yeasts (6, 11; data not shown).
YL8 is encoded by duplicated genes on different chromosomes
In 5. cerevisiae half or more of the ribosomal proteins are encoded by duplicated genes (11) . To determine the copy number . Southern blot analysis of chromosomal DNA from S. cerevisiae using the DNA fragments derived from the YL8A gene as probes. Chromosomal DNA (3mg) was digested with the restriction endonuclease(s) indicated, subjected to agarose gel electrophoresis and transferred onto a nylon membrane as described in MATERIALS AND METHODS. One hybridization probe (A) was 32 Plabeled 0.28kb finEII fragment corresponding to positions +1,336 to +1,614 in Fig. 3 , and the other (B) was 32 P-labeled 0.26kb Spel-EcoRl fragment obtained from pYL8A-Ral9 (see Fig. 2 ) corresponding to positions +70 to +328 in Fig. 3 (£roRI is the site of the vector) , //indlll-digested phage X-DNA was used as a size marker. B: BamHl; P: Pstl; H: HindUl; E: EcoRl. of YL8 gene, a Southern hybridization analysis of genomic DNA was performed as follows: When the BstEK fragment from the coding region was used as a probe (probe A), two hybridizing bands were found, indicating the existence of duplicated genes (Fig. 4-A) . On the other hand, only one hybridizing band appeared by using a fragment from the first intron for a probe (probe B; Fig. 4-B) . The single band means that the nucleotide sequences of the two genes differ extremely at the intron region from each other.
To search for the chromosomal locations of the YL8 genes, the gel carrying yeast chromosomes separated by a pulsed field electrophoresis was subjected to Southern hybridization with the two probes as used above. When probe A was used, strongly hybridizing bands were found on chromosomes VII and XVI (lane 1 in Fig. 5 ). On the other hand, probe B revealed only one band on chromosome VH Oane 2 in Fig.5 ). These results suggest that the one gene, YL8A, is located on chromosome VII and the other gene, named YL8B, is on chromosome XVI.
YLSA is functional
The expression of the YLSA gene was examined by Northern blot analysis. As seen in Fig. 6 , only one band was found to hybridize with probe A, prepared from the coding region. The size of this band, 0.98kb, is about 0.25kb longer than that of the coding region of YL8A. It is impossible to distinguish the expression of YLSA from that of YLSB in Fig. 6 . To make this point distinct, YLSA was disrupted and the effect on growth was examined. Haploid strains carrying the yl8a mutation were obtained by direct transformation to haploid strain YNN281 (see Fig. 1 ). Successful disruption of the YLSA was confirmed by a Southern blot analysis of the genomic DNA extracted from the haploid strains. In Fig. 7 , a band of 6.3kb corresponds to YL8A. The replacement of YLSA with yl8a::URA3 caused the disappearance of the 6.3kb band and the appearance of a band of 7.0kb by using probe B of the fragment from the intron. By probe A of the fragment from the coding region, the 6.3kb band disappeared but new bands did not appear (data not shown). All the haploid strains carrying yl8a::URA3 grew slowly, with a doubling time 40% longer than their parent strain (Fig. 7) . (35) and E. coli L30 (36) . When the borderline of significancy is put around value 3 as usual, the ALIGN and RELATE scores compared the members of prokaryotes with those of eukaryotes are not significant, but the metabacterial (so-called archaebacterial) group acts as an intervener between the prokaryotic and the eukaryotic groups. Detailed sequence similalities were examined based on correlation coefficients evaluated by a computer program. Taking account of all the 55 matrices mutually compared among the 11 sequences, an overall alignment with the correlation coefficients was constructed (Fig. 8) . It is clear that the sequences of the eukaryotic N-terminal region, where the metabacterials and the prokaryotics are lacking, are not similar to each other. The repeated sequence found in the mammalian homologs (28, 29) is not seen in YL8A sequence nor in other lower eukaryotes.
DISCUSSION
Out of all the characterized genes in S. cerevisiae, there are very few genes with introns. All of these have a single intron except for only one gene, MATal, with two introns (10) . Restricted within the cloned ribosomal protein genes, more than half contain such a single intron, typically located near the initiation site of translation (11) . YL8A gene shown here is the first case of the gene interrupted by two introns in the ribosomal protein genes. Some investigators suggested from a comparison of intron positions between cytosolic and chloroplast or mitochondrial isozymes that introns, if not all, had existed before divergence of prokaryotes and eukaryotes and that in prokaryotes introns were lost in the course of evolution (37, 38) . Fink provided the model that in 5. cerevisiae homologous recombination and initiation of reverse transcription at the 3' end of the message could contribute to the paucity of genes with introns and asymmetric localization of the intron (39) . If the suggestion and the model are accepted, there must be some reason for the maintenance of the second intron in YLSA. In the case of MATal, which codes for a protein regulating mating type in a/a diploids, the exceptional plural introns could be explained by the unique feature of the MATal gene that the expressed gene at the MAT locus was replaced by the silent gene at the HMR locus (39) . At present, we have no explanation why the plural introns remain in YLSA. Whereas it is the fact that the intron exists in many ribosomal protein genes, the physiological significance is unclear. It was shown that the expression of ribosomal protein gene RPL32 from 5. cerevisiae was controlled by feedback regulation of splicing (40) . However, similar regulation was not presented on several other ribosomal protein genes examined. It would be interesting to investigate the relationship between the structure of the YLSA gene with the plural introns and the regulation of its gene expression.
In S. cerevisiae a highly conserved sequence, TACTAAC, is present near the 3' end of introns with a few exceptions. In ribosomal protein genes, the exceptions are TAACTAAC in YS25 (5) and T£ACTAAC in YS11A (7). The first intron of YL8A has a new sequence 'TGCTAAC. They are changed in the second position as underlined. In one experiment, the replacement by C of the second position in TACTAAC sequence did not significantly affect splicing (41) . YL8 is encoded by two copy genes located on different chromosomes. The disruption of YL8A, one of the two genes, caused a decrease in the growth rate of yeast. This result suggests that YL8A is a functional gene. In S. cerevisiae about half of the cloned ribosomal protein genes are duplicated. In every case tested, both genes were functional, although they were expressed with various ratios. For example, we have shown the extremely unbalanced expression between two copies of YS11 gene (7) . It remains to be seen to what degree YL8A and B are expressed.
Ten homologs of protein YL8A are found in Swiss-Prot Data Base. According to the ALIGN and RELATE scores, the sequence similarities between the prokaryotic and the eukaryotic groups are too low to evaluate the evolutionary relationship. However, the metabacterial group acts as an intervener because it is similar to both the prokaryotic and the eukaryotic groups. As the alignment clearly demonstrates (Fig. 8) , the most striking feature on the family sequences is great changes in chain length among the three kingdoms. The metabacterials lack a part corresponding to the first sequence of the eukaryotics, while the prokaryotics, comprising the shortest chain, lack a part corresponding to the last sequence of the metabacterials. Recently Kang et al. isolated and analyzed the gene encoding yeast mitochondrial ribosomal protein YmL33 which is closely related to eubacterial ribosomal protein L30 (42) . The size of YmL33, 98 amino acid residues, is rather larger than eubacterial L30. Auer et al. already reported that M. vannielii L30 has a size intermediate between its eukaryotic and eubacterial homologs (34) . Whereas they showed a schematic alignment (34) , in this paper, we have shown a detailed alignment from the comparison matrices using a computer program that evaluates sequence similarities quantitatively (Fig. 8) . According to the alignment, the second intron of YL8A is identical in position with the introns of the genes encoding S. pombe L7A and L7B, and mouse L7. The agreement of the intron position suggests that the intron existed before the divergence of yeasts and mammals. The both genes for S. pombe L7A and L7B lack the intron corresponding to the first intron of 5. cerevisiae YL8A, suggesting that the mechanism of losing introns may respectively differ, even among the so-called yeasts.
